As the availability of fossil-based resources declines, there is an impending necessity of finding alternative feedstock able to secure the production of fuels and chemicals. Exploitation of biomass as renewable source of chemicals is an attractive possibility, in particular the one derived from food waste (FW). Every year, large amounts of waste are generated within or at the end of the food supply chain at the consumers use stage and hence its valorisation attracts great attention. FW has proven a valuable feedstock for its exploitation to produce a wide array of intermediates and products with promising applications in industry, owing to their similar performance with respect to established products. These include organic acids and furans (generally used as platform chemicals to further products); polymers like bacterial cellulose, polyhydroxyalkanoates or chitin; biosurfactants; biolubricants; or nanoparticles. This overview covers the latest trends in chemical, enzymatic and biotechnological processes reported in literature on the production of these chemicals and materials, with a focus on the use of FW as raw material.
Introduction
Of the massive amount of food produced for human consumption every year, between 1300 and 1600 million tons are lost in the food supply chain, either within the production chain or in the distribution and consumption sector. About 45-55% of the total municipal solid waste mass is food waste (FW) (Ravindran & Jaiswal, 2016) . These losses not only account for the food itself, but also for the energy and the rest of commodities employed during production. Thus, regardless of the most appropriate definition of the term and the problem (of which an excellent discussion is presented in a recent review (Chaboud & Daviron, 2017) ), reduction of FW and proper use are of utmost importance.
Whether called food loss (from farm to factory gate) or food waste, the composition of such material fluctuates considerably from continent to continent. However, in general, it includes a high percentage of starchy carbohydrates, fats and oils (mostly triglycerides), proteins, cellulose, free soluble sugars, vitamins and minerals. There is an uprising trend to reuse large amounts of FW as swine feed, of which approximately 621 million tons per year could be employed to feed circa 785 million swine worldwide (Uc ßkun Kıran et al., 2015) . However, apart from this use, trying to avoid disposal of FW through dumping and landfilling or costly incineration, there are classical processes to profit from FW, such as the extraction of valuable low concentrated compounds like vitamins, phenolic compounds and essential oils (Kumar et al., 2017) , composting to get fertilizers (Ravindran & Jaiswal, 2016) or anaerobic digestion to get biogas rich in methane and/or hydrogen (Ren et al., 2017) .
The biorefinery concept has become a hot topic in the last years, which can be defined as the use of refinery schemes to profit from biomass through an enormous amount of interconnected processes and products (Karmee, 2016) . Their becoming an issue of interest in the last years has led to many options for the use not only of biomass, but also FW, including the substitution of typical products from fossil-based refineries by biofuels like bioethanol, biodiesel and biooil (Karmee, 2016) and by biomass-derived chemicals (Ong et al., 2017) . In fact, the use of FW of no further use for feed purposes is part of the so-called second-generation biorefineries, mainly based on biomass not intended for food or feed (Uc ßkun Kıran et al., 2015; Ravindran & Jaiswal, 2016) . A general scheme of food and food-related waste with their major components and products is presented in Fig. 1 . Contrary to lignocellulose-based second-generation biorefineries, which require harsh thermomechanical and chemical pretreatments, FW biorefineries utilize a biomass rich in starch and protein. These are much more prone to acid and/or enzymatic hydrolysis to glucose, peptides and amino acids, the substrates needed for further fermentation to platform chemicals, like ethanol or lactic acid. In parallel, catalytic treatment of starchy/cellulosic FW can render different chemicals, as monosaccharides, furans and carboxylic acids, with humins as subproducts. This biorefinery can be referred to as chemical-biochemical biorefinery and is depicted in Fig. 2 . In addition, the reduction in water content of FW allows its use as raw material for thermochemical biorefineries, whose platform chemical is the mixture of hydrogen and methane, the so-called biohythane. This route, coupled to fermentation or catalytic processes, can also be considered for the production of chemicals, although achieving lower yields (Wainaina et al., 2017) .
Although ethanol (75 million tons in 2015) could be perceived as a solvent and a platform chemical by itself (e.g., to produce acetone, ethylene, acetaldehyde, acetic acid, butadiene, and ethyl esters and halides by catalytic processes; Choi et al., 2015) , it is mainly considered a biofuel obtained by fermentation or a precursor for biofuel synthesis, such as the case of n-butanol via catalytic routes or its production through ABE fermentation. A thorough review on the use of FW for biofuel production, including bioethanol, biodiesel and biooil has recently been thoroughly covered by Karmee (2016) . Due to the considerable work on biomass-derived chemicals from FW performed in the last 2 years, and the absence of an adequate overview of scientific reports in this field in that period of time, this review aims at chemicals and derivatives that can substitute or complement those from the petrochemical sector, focusing on the direct use of FW as raw material for fermentation or catalytic transformation to the compounds of interest.
Lactic acid
Lactic acid (LA) or 2-hydroxypropanoic acid, both in the L-and D-enantiomeric forms, is one of the most important building blocks from the biorefinery perspective, being part of the C3 group together with glycerol, malonic acid and propionic acid. It is used mainly in foods as an acidulant and preservative and as a monomer in polymers. It is also a main reagent to obtain lactate esters, regarded as green solvents. It has a large potential as monomer, as combinations of D-and L-enantiomers give rise to several biodegradable PLA polymers with different mechanical and thermal properties (Panesar & Kaur, 2015) . Currently, LA demand is in excess of 1.2 million tons (2016 data), with an expected compound annual growth rate of 16.2% till 2025. The main producers are located in the USA, Europe and China: Nature Works LCC, Purac- However, the high cost of pure carbon and nitrogen sources commonly employed for LA production with LAB (Lactobacillus, Lactococcus, etc.) has boosted several studies using FW-and food-related waste. These use either direct fermentation with LAB or they couple it to a previous hydrolysis step by fungus or enzymes, reaching concentrations of LA from 36 to 94 g L À1 and productivities from 0.21 to 2.78 g L À1 h À1 . The need for centralized food (and organic) waste recollection and a proper disposal in highly populated areas like Hong-Kong has derived in the progressive implementation of FW-treating machines able to reduce its high humidity and grind them to powder, while subsidies are granted for recycling studies and works (Kwan et al., 2016) .
Kwan et al. studied the fermentation of mixed FW and bakery waste (BW) with Lactobacillus casei Shirota, subjecting the raw material to previous fermentation with Aspergillus awamori and Aspergillus oryzae (good producers of cellulases, proteases and amylases) in solid state fermentations at 55°C for 48 h (pH 4-5). After eliminating the solid phase and the lipid layer, aqueous hydrolysates from FW were obtained containing 97-100 g L À1 glucose, while BW hydrolysates contained about 80 g L À1 glucose and 7.6 g L
À1
fructose. After supplementing them with 10 g L À1 yeast extract, further fermentation at 37°C and pH 6.0 during 24 h reached the production of 94 and 82.6 g L À1 of LA, with an excellent yield of substrate to acid ratio of 0.94 both for FW and BW hydrolysates (Kwan et al., 2016) . The same authors modelled the kinetics to reflect the temporal evolution of substrates and products in these fermentative processes. The models proposed the partially associated nonstructured Monod type including inhibition by glucose and fructose for both FW and BW fermentative processes with L. casei awamori and Streptococcus thermophilus Y1-B1. Productivity and yields are lower for S. thermophilus, due to higher inhibition both by substrates (glucose and fructose) and LA. Thus, kinetic modelling helped understand the much better characteristics of L. casei awamori compared to S. thermophilus Y1-B1, two LAB species, for L-LA production (Kwan et al., 2017) .
When very heterogeneous FW is the starting material, complex pH-controlling strategies have been devised to increase LA yields and enantiomeric purities (Tashiro et al., 2016) . In this work, a complex model kitchen residue was subjected to meta-fermentation by a community of microorganisms (thus, no pure cultures), swinging the pH to 7.0 with 10% ammonia solution every time it dropped to acid values near 5.0 and with careful control of agitation in anaerobic conditions. This strategy resulted in high productivities to L-LA in 120 h: 39.2 g L À1 pure L-LA with a productivity of 1.09 g À1 L À1 h À1 . Control of pH proved relevant in the production of LA, where non-sterile FW and waste from Sphofora flavescens roots extractions (SFW) were mixed. Their fermentation by Lactobacillus casei produced up to 64 g L À1 of pure L-LA in 4 days using a 2:1 w/w ratio FW/SFW, with reduced levels of ethanol, acetic acid and propionic acid of 5, 2 and 0.6 g L À1 during 4 days, respectively . It is interesting to observe the pH evolution from 9.0 till 4.5 during this time lapse, avoiding the very basic initial values due to SFW and the very acid final values due to FW fermentation by LAB.
Supplementation with traditional nitrogen sources, like yeast extract, reduces the economic feasibility of LA production from FW. Pleissner et al. utilized FW from restaurants to obtain L-LA with Lactobacillus and Streptococcus strains using mixtures containing starch (33.5% w/w), proteins (14.8%), fats (12.9%) and free sugars (8.5%) that were saccharified (hydrolyzed) and fermented at the same time (Simultaneous Saccharification and Fermentation or SSF) at pH 6 and 35°C, followed by a phase at 52°C. The action of mesophilic Streptococcus strains avoided the need for hydrolytic enzymes supplementation, even working at 20% w/w dry solid, a notably high amount. L-LA production was proportional to solid content, reaching a high concentration of 60 g L À1 LA at 28 h and 20% w/w dry solid. This result was confirmed using nonsterile FW and pilot-plant scale (72 L) . As the total conversion of FW to LA is not easily attained, sequential fermentation to the product along with anaerobic digestion of residual solid to methane was studied . This is a strategy typical of integrated biorefineries that favours a higher economic feasibility by obtaining several products of interest. In this case, FW was first hydrolyzed at 59°C and pH 4.5 and 20-25% w/w dry solid with low enzyme concentrations to get concentrations of glucose in excess of 80 g L À1 and free amino acids up to 0.4 g L À1 .
Hydrolysates underwent fermentation by Streptococcus sp. to yield 60 g L À1 of LA in 28 h, a global yield of 0.33 g LA/g FW and productivity of 3.8 g L À1 h À1 (similar runs using an SSF approach resulted in lower yields and productivities: 0.29 g LA/g FW and 2.08 g L À1 h À1 ). Most interestingly, when FW-derived residues obtained by separate hydrolysis fermentation (SHF) and SSF processes and subsequent anaerobic digestion to methane, its yield increased from 0.4 to 0.6 Nm 3 per kg solid using the original FW and the SHF final solid, respectively. A similar study was reported in 2016, with final LA purification by nanofiltration and water-splitting electrodialysis with a progressive production of LA with temperature rising from 35 to 55°C during 200 days between 20 and 50 g L À1 h À1 . Again, progressive feed of the remaining solid to the bioreactor in the methanogenic phase resulted in increasing biogas production from 1 to 3 Nm 3 m À3 day À1 , with a 50% v/v CH 4 content (Kim et al., 2016) . Other than a good raw material for methane production, FW-derived solids subjected to LA fermentation can be used as an adequate soil amendment (Hu et al., 2017b) . These authors obtained a 98.2% pure L-LA (36.9 g L À1 ) using a model kitchen refuse medium at 43°C, while the remaining solid was rich in N, P and K, proving that its application in soil before growing Brassica rapa promoted several plant growth parameters.
Finally, confirmation of the use of FW-derived L-LA for polylactic acid (PLA) production was made by Hu et al. (2017a Hu et al. ( , 2017b , after purification by continuous extraction mediated by ultrasounds (Hu et al., 2017a (Hu et al., , 2017b . A classic dehydration-oligomerizationdimerization strategy was followed to obtain lactide, the dimer needed for PLA production. The authors compared different catalysts for these synthetic steps concluding that ZnO nanoparticles allowed better control of the oligomer average molecular weight (900-3500 g mol À1 ) and lactide synthesis in addition to higher conversions of the initial LA and higher productivities to lactide. After using FW-derived lactide to obtain PLA by ring-opening polymerization, these polymers were compared to commercial samples to conclude that mechanical properties were comparable, while the thermal behaviour of FW-derived PLA was even better.
Tri-and dicarboxylic acids: citric, succinic, fumaric and oxalic acid
In addition to lactic acid, further organic acids can be derived from processes using FW as raw material, as exposed in Fig. 3 .
Citric acid (2-hydroxy-1,2,3-propanetricarboxylic acid, C 6 H 8 O 7 , CA) is a widely known tricarboxylic acid employed in a myriad of applications as preservative, acidulant, emulsifier, flavour and buffer in several food, pharmaceutical, cosmetic and nutraceutical products, apart from its use in metal finishing, being the food and beverage sector the leader of CA consumption (Ciriminna et al., 2017) . Fermentative routes and processes developed using moulds from the genus Penicillium and Aspergillus (in particular Aspergillus niger) have allowed higher yearly productions. The evolution has been such that production increased from about 17 500 tons produced from lemon juice in 1917 to 1 826 800 tons in 2015, using both solid and submerged fermentation processes (Ciriminna et al., 2017) . China is the country behind the highest share of CA production, whereas the companies that lead the CA sector are as follows: Archer Daniels Midland, Cargill, COFCO Biochemical (Anhui), Gadot Biochemical Industries and Jungbunzlauer Suisse. The most common processes are based on submerged fermentation, which use raw materials like sugarcane and beet molasses and maize starch, lime as basic precipitation agent and sulphuric acid as acidulant (Ciriminna et al., 2017) . However, FW can even reduce the cost of raw materials, and processes have been studied at laboratory scale to such end (Kosseva, 2013) . In the last years, as a novel carbon source, waste cooking oil (WCO) has been utilised together with Yarrowia lipolytica SWJ-1b, a yeast, to obtain, after media optimisation, up to 31.7 g L À1 of CA (0.4 g/g of WCO) and 6.5 g L À1 of isocitric acid in 14 days, with minor titres of biooil (42.1 g per 100 g biomass/5.9 g biomass per litre). This titre is relatively low, however, if compared to the common values achieved using sucrose, molasses or corn hydrolysate (between 90 and 100 g L À1 in 6-7 days), but it is considerably better than that obtained with agro-based waste raw materials like apple pomace and peanut shell in a half to half ratio, where up to 2.6 g L À1 of CA was obtained using a co-culture of Aspergillus ornatus and Alternaria alternata growing at 30°C and pH 5.0 (Yu et al., 2017a) .
The escalation of oil prices together with their instability has boosted biomass-based production of succinic acid (SA). In addition, there has been an increase of practical studies oriented towards the production of other dicarboxylic acids like oxalic and fumaric acids, both considered platform chemicals by the Department of Energy (DOE) of the USA. The production of SA can be considered both as a way to fix CO 2 and a means to obtain a platform chemical to produce adipic acid, 1,4-butanediol, tetrahydrofuran and several other basic organic intermediates (Jiang et al., 2017) . Notable expectations on SA market growth are foreseen till 2030, with a yearly global growth for production exceeding 49%. Manufacture started from a modest production of about 30 000 tons per year in 2012 and is expected to reach 710 kilotons by 2020. Several companies (Reverdia, Bioamber, Myriant and Succinity) have started its industrial-scale production from biomass using proprietary microorganisms (MOs) derived from Actinobacillus succinogenes and other wild-type MOs and anaerobic and microaerobic batch processes. Some genetically modified Escherichia coli strains are able to produce up to 100 g L À1 in these conditions, or 150 g L À1 with cell recirculation aided by membranes both feeding on glucose, while severe efforts are performed to introduce inexpensive feedstocks, like enzymatic hydrolysates of corn stover. With this feedstock, in batch conditions, up to 58 g L À1 has been obtained. This effort is definitely very relevant, as feedstock costs can represent up to 50% of total operational costs, according to Jiang et al. Therefore, FW use is a key aspect that can aid in this respect and some works in the last 2 years show it. Dessie et al., 2017 ; use several enzymatic hydrolysates from fruit and vegetable waste using solid state fermentation by Aspergillus niger and Rhizopus oryzae to get up to 26 g L À1 of a mixture of glucose and fructose. The subsequent fermentation with A. succinogenes in batch conditions produced 27 g L À1 of SA (1.18 g SA/g sugar) (Dessie et al., 2017) . A similar study performed by Patsalou et al. working with citrus peel waste reached a production of 6.13 g L À1 of SA if acid hydrolysis at 116°C for 10 min was applied, while a slightly better amount was reached if enzymes were also employed for saccharification (8.3 g L À1 SA). However, the most feasible option from the economic perspective was the former (Patsalou et al., 2017) . More interesting titres were obtained by Thuy et al. (2017) working with enzymatic hydrolysates from cassava roots: up to 151 g L À1 of 99.35% pure SA (isolated by crystallization) was obtained from such feedstock using inexpensive ammonium salts as nitrogen source and Actinobacillus succinogenes ATCC55618 in fed-batch conditions (Thuy et al., 2017) .
Fumaric acid (FA) is commonly produced via maleic acid through petrochemical routes from the 50's, with a world production of 250 ktons. There is now a renewed interest in its production from biomass sources, including FW. Das et al. studied the production in submerged fermentation of this acid from apple pomace ultrafiltration sludge (APUS) using Rhizopus oryzae 1526: after 72 h of fermentation, and starting from 40 g L À1 of dry APUS, up to 25 g L À1 of the acid was obtained. If solid state fermentation and apple pomace (AP) were used, up to 52 g L À1 of FA per kg AP was produced by this fungus (Das et al., 2015) .
Oxalic acid is mostly used as rust remover in metallurgy, bleaching agent and as mordant in dyeing processes, with a relatively high global production (450 ktons in 2009). It is commonly produced by carbohydrate oxidation in the presence of V 2 O 5 as catalyst. Recently, an alternative approach was shown generating the acid from cashew apple juice (CAJ) by submerged fermentation with Aspergillus niger (Betiku et al., 2016) . In this work, a concentration up to 122 g L À1 was achieved in optimal conditions: CAJ initial concentration of 150 g L À1 , pH 5.4, 7.3 days of fermentation 2 g L À1 NaNO 3 and 1% v/v methanol.
Volatile fatty acids and concomitant hydrogen production
The term 'volatile fatty acids' (VFA), also known as short-chain fatty acids, refer to organic acids of chain length ranging from 2 to 6 carbons. VFAs have a wide array of uses, including biological nitrogen removal, generation of electricity in microbial fuel cells or applications in food, textiles or pharmaceuticals. It is worthwhile mentioning that the longer the fatty acid chain, the higher the market value of the VFA, which constitutes a reason to generally aim for the production of heavier products rather than lighter (Zhou et al., 2017) .
Anaerobic digestion of FW is the strategy followed to obtain VFAs as it is considered efficient not only for their production, but also for the recovery of valuable gaseous side streams like biogas or hydrogen. The latter is the main co-product generated during the process, and it is regarded as a clean renewable fuel that only releases water as a product of its combustion.
Production of VFAs takes place via a number of biochemical reactions by acidogenic bacteria, the socalled acidogenesis. The metabolic pathways to obtain VFAs are varied and include fermentations of different types like acetate-ethanol, propionate, butyrate, mixed-acid, lactate and homoacetogenic (Zhou et al., 2017) .
An anaerobic consortium collected from a sewage wastewater treatment facility was used for fermentation of composite FW subjected to mastication and separation of oils. Acetic, propionic, butyric and valeric acid (from highest to lowest concentrations attained) together were produced in a series of experiments that focused on the role of the redox microenvironment. The study concluded that the highest VFA productivity was reached as the pH value increased from 5 to 10, observing a sharp decrease at pH 11.0 (Dahiya et al., 2015) .
Commercially available inocula containing S. cerevisiae (Hubei Angel Yeast Co.) and bacteria Brand HuNiang No.101 (Shanghai Jiamin Brewing Co.) were fed with FW from a canteen to yield VFA. These strains were employed to enhance the ethanol-type fermentation leading to a VFA yield of 30.22 g L À1 and improve acetic acid production to twice as much as could be obtained in their absence. Aside from acetic acid, propionic, butyric and isovaleric acids were detected. Interestingly, after 1 day of fermentation, the proportion of isovaleric acid was much higher than the rest. Then, acetic acid relative amount dramatically increased till day 3; thereafter, its proportion slowly decreased, while that of propionic acid increased . Zhao et al. followed a strategy whereby using alkyl polyglycosides as biosurfactants they promote VFA production shortening significantly the fermentation time for the maximum accumulation (37.2 g L À1 ) using bacteria from waste activated sludge. The improvement was ascribed to an acceleration of the solubilization and hydrolysis together with the enhancement of acidification and inhibition of methanogenesis .
Another approach to promote productivity consisted in pre-airing the FW before feeding it to an anaerobic culture of bacteria. By doing an oxygen-assisted hydrolysis, they suppressed the methanogenic activity, leading to a 10% higher VFA production and an increase in 97% of the hydrogen conversion efficiency (Sarkar & Venkata Mohan, 2017) .
Finally, with the objective of maximizing the production of butyric acid, a mixed microbial fermentation of FW was conducted in semicontinuous fermentations evaluating pH, temperature and hydraulic retention time. It was concluded that at pH 9.0, 37°C and 2-day retention time, the highest overall production of VFAs can be achieved; however, to obtain the highest proportion of butyric acid, a pH value of 7.0, 55°C and retention time of 6 days was optimal (Stein et al., 2017) .
Furans and derivatives
Careful separation of FW rich in starch, cellulose or monosaccharides (beverages) renders a raw material that can be converted to glucose/fructose syrups or, by further dehydration, to hydroxymethylfurfural (HMF) and levulinic acid, two important platform chemicals in biorefineries that are keys to the production of an assortment of other furans, acids, e-caprolactam and several lactones (Fig. 4) .
There are not many works on the production of HMF and levulinic acid. For example, in 2015, Parshetti et al. reported a novel thermochemical conversion in the presence of a heterogeneous catalyst (ZrP) that was prepared by precipitation and calcination. Although the yield from FW to HMF was only 4.7% w/w, some preliminary calculations indicated in the economic feasibility of the process (Parshetti et al., 2015) . The works of Yu et al., in 2016 Yu et al., in and 2017a Yu et al., in , 2017b Yu et al., in , 2017c were centred on the transformation of FW on HMF in successive and one-pot processes, respectively. In the 2016 paper, these authors studied the effect of the metal catalyst in the successive conversion pathway of FW to glucose (44-65% mass yield) and HMF (8-9.5% mass yield), using SnCl 4 as catalyst. There was a joint action of Brønsted and Lewis acid centres that permitted the hydrolysis of glycosidic bonds, fructose dehydration and glucose isomerization, as well as dehydration to HMF and the undesired polymerization to humins . A first work reported in 2017 focused on the catalytic action of trivalent and tetravalent metals forming chloride compounds on starchy FW (as cooked rice and penne); results showed yields up to 46-65% glucose and 4-8% HMF using microwave heating at 140°C for 20 min. Further optimization of starchy foods processes yielded 22.7% HMF; fruit residues treatment resulted in 13% w/w HMF using Sn catalysts (Yu et al., 2017c) . The second paper of 2017 reported on the effects of several aprotic solvents on the hydrolysis-isomerization-dehydration process of bread residues: mixtures of water with ACN, acetone or DMSO allowed for a higher selectivity to HMF than THF/water mixtures, with the mixture ACN/water as the better promoter of overall activity to HMF (Yu et al., 2017b) . Curiously, the acetone/water mixture promoted the formation of levulinic acid in appreciable yields at 2-h reaction time, 140°C and using SnCl 4 as catalyst (up to 16-17% w/w). Finally, Chen et al. (2017) analysed the effect of a solid Brønsted acid: Amberlyst 36 resin containing sulphonic groups, on the transformation of cellulosic FW to levulinic acid, analysing the effects temperature and solvent (water or a mixture of water and DMSO). Water was a green solvent to obtain up to 16% w/w levulinic acid at 135-150°C, while DMSO presence enhanced cellulose dissolution and HMF formation up to 16% in 5 min at 120°C (Chen et al., 2017) . The scheme shown in the next figure presents compounds and reactions from glucose.
Bioplastics and biopolymers
Traditionally, plastics are polymers like polyamides, polyesters or polycarbonates, among many others derived from fossil sources. They are used for several purposes such as the preparation of fibres, textiles or protective materials. However, lately a number of bioplastics have been produced starting from feedstock of renewable origin. These polymers are mainly referred to as polyhydroxyalkanoates (PHA), which are hydroxyalkanoate polyesters of different chain length but also may include products like polyhydroxybutyrate (PHB), polyhydroxyvaleric acid (PHV) and others depending on the recurring monomer unit. Figure 5a shows the molecular structure of PHA, PHB and PHV.
These bioplastics are biodegradable and could therefore be eventually degraded to CO 2 and H 2 O by microorganisms in several environments. Among its wide array of applications is their use in biomedical uses, such as tissue engineering as material for sutures, infection-resistant biomaterials and targeted drug delivery (Shrivastav et al., 2013) .
The production of PHAs most commonly consists in the transformation of VFAs like acetate, propionate, butyrate and valerate by anaerobic digestion conducted by microorganisms. In the section above, we covered processes to generate VFAs from FW; here, we want to put the focus on studies that pursued the generation of biopolymers in addition to obtaining VFAs. Figure 4 Food waste route to hydroxymethylfurfural (HMF) and levulinic acid. Food waste from a canteen was used as feedstock for the acidogenesis of VFA for anaerobic fermentation with Serratia ureilytica isolated from a composite of wastewater treatment. The amount of copolymer poly-3(hydroxybutyrate-co-hydroxyvalerate) obtained was of 54% dry cell weight (DCW) (Reddy et al., 2015) . The same polymer can be synthesized from pineapple peel-derived VFA was developed for fermentation with Ralsthonia eutropha. The concentration of polymer attained was of about 1.6 and 2 g L À1 for PHB and PHV, respectively. This work reports a full chemical characterization of the polymer, which, in this case, contains a higher proportion of PHV than PHB (Vega-Castro et al., 2016) . Also, oil was extracted from date seeds and served as feed for PHB production by Cupriavidus necator, obtaining a concentration of 11.77 g L À1 , an accumulation of 82% in the culture medium (Yousuf & Winterburn, 2017) . Finally, Amulya et al. proposed a deeper study through an integrative approach whereby they studied the stages of fermentative acidogenesis with concomitant H 2 production, culture enrichment from the mixed culture, PHA production in a sequencing batch reactor and final separation of the product by extraction. The FW employed in this case consisted of leftovers of boiled rice and vegetables as well as their peelings, cooking oil and cooked meat; the authors found that, when the cycle length of the batch reactor was of 12 h, the final amount of PHA obtained was 23.7% DCW, and the total VFA removal amounted to 88% (Amulya et al., 2015) .
Bacterial cellulose
Cellulose is without the shadow of a doubt the most present polymer in nature being plant cell walls the major source of this compound. Nevertheless, naturally present cellulose often contains several impurities, including lignin and hemicellulose fractions, pectin or polyphenols, among others; for this reason, further costly purification procedures are required when processing these materials for industrial purposes. Bacterial cellulose (BC) is known to be the purest form of cellulose with physicochemical and mechanical properties that outperform the similar macropolymer of vegetal origin owing to their dense and crystalline 3D structure. By way of examples, BC has been used in tissue regeneration applications (burn and wounds), electronic paper and biosensing materials (Ul Islam et al., 2017) .
The main limitation with regard to the manufacture of BC is the high cost of processing, which still makes plant cellulose more attractive for industry, for which efforts have been put on selecting optimal bacterial strains, subsequent fermentation conditions and bioreactors as well as on the use of inexpensive raw materials, including FW.
Six different bacterial strains were isolated from kombucha tea and fruit juices, of which Gluconacetobacter xylinus (now reclassified as Komagataeibacter xylinus) was identified as the best potential microorganism to perform fermentation to BC. Culture media consisting of pineapple juice and corn starch, separately, served as culture medium being a low dilution of the former better for cellulose productivity, reaching up to 9.10 g L À1 of dry weight (Neera et al., 2015) . Also, litchi extract was subjected to fermentation to obtain after 2 weeks a polymer that could qualify as type I cellulose with a more regularly reticulated nanostructure and higher crystallinity than BC obtained from other classical culture media . The same microorganism fermented carob and haricot extracts to yield BC in a work performing an optimization study of operation variables (amount of carbon and protein source, temperature, pH, incubation time and amount of CA and Na 2 HPO 4 ) through a Plackett-Burman design (Bilgi et al., 2016) . Also, there is an example where FW of animal origin was used as starting material. De Oliveira et al. reported on the use of chicken comb to obtain an extract rich in hyaluronic acid used for the fabrication of membranes of BC with a small dispersion in mass and very crystalline structure able to perform for tissue regeneration and cell adhesion (de Oliveira et al., 2017).
Chitin and chitosan
The presence of chitin is ubiquitous in nature, making it a widely available polymer only after cellulose, both with similar molecular structures, as may be observed in Fig. 5 . It exists in many different organisms, mainly in the shells or exoskeletons of arthropods, such as crustaceans like prawn or crabs, and insects, as well as the endoskeleton of cephalopods like squid .
Chitin is originally extracted by chemical and microbial methods, and subsequent production of chitosan is achieved by the N-deacetylation of chitin, leaving -NH 3 moieties in the polymer rather than the original -NHCOCH 3 , as may be observed in Fig. 5b . Further reduction to chitooligosaccharides (COS) may be attained by chemical (HCl, H 2 O 2 ) or enzymatic depolymerisation.
Chitin together with chitosan and COS that originate from their treatment is known to have antioxidant and antimicrobial properties; for this reason, they are commonly used in foods to enhance their preservation and overall quality. In addition, chitosan and COS are also a good source of dietary fibre. They are regarded as prebiotic functional foods owing to their non-digestibility and enhancement of the gut microbiome and, consequently, of the host health. Apart from food-related applications owing to their biocompatibility, biodegradability, non-toxicity and gel-forming properties, they are also known to perform well in the formulation of products in pharmaceuticals, cosmetics and dermatological applications and textiles (Hamed et al., 2016) .
The production of chitin and chitosan was optimized by a combination of chemical and enzymatic methods for the deproteinization of squid Illex argentinus pens and subsequent deacetylation. Several operating variables were studied, leading to the conclusion that the optimal conditions for chitin extraction were attained using NaOH at 36.4°C and a concentration of 0.82 M for chemical treatment, although similar performance was reached deproteinizaing with alcalase at 57.5°C and pH 9.29, esperase at 59.6°C and pH 9.30 or neutrase at 49.6°C and pH 5.91. The reaction to yield chitosan showed a high degree of deacetylation, greater than 90% when chemical and the alkaline protease named esperase were used (Vazquez et al., 2017) .
Also, crustaceans have been studied as feedstock for these processes, including assorted species of shrimp lobster and crabs from local markets in their respective countries. El Knidri et al. developed a method based on microwave irradiation for completing the stages of demineralization, deproteinization and deacetylation of shrimp waste, comparing it with traditional methods. This process intensification approach allowed them to obtain similar degrees of deacetylation of around 82% in only 24 min compared to 6 h using the standard procedure (El Knidri et al., 2016) . The exoskeleton of Norway lobster has also been the subject of a study to obtain chitin and chitosan, performing demineralization with HCl, subsequent deproteinization to chitin with Savinase Ò enzyme and transformation to chitosan with NaOH. Additionally, it was reported that the chitosan therein obtained exhibited antibacterial and antifungal activity as well as antiproliferative capacity against HCT116, a cell associated with colon cancer (Sayari et al., 2016) . Finally, crabs are also valuable as starting material for chitin despite their higher content of CaO. Portunus signis shells were employed to prepare LiCl-chitin-based films of comparable tensile strengths to commercially available plastic films (Fernando et al., 2016) .
One further source of chitin other than seafood waste is the physical structure and filaments of fungi. Unlike shells from crustaceans, which may contain from 20% to 50% of CaCO 3 , the structure of fungi does not require such degree of demineralization. In this line, Bilbao-Sainz et al. reported on the use of brown mushroom as source of chitin, from which they fabricated vitamin-D enriched chitosan films by treating initially the stalk bases with UV-B light. After evaluation of the properties, the material produced presented similar characteristics to chitosan films of animal origin (Bilbao-Sainz et al., 2017) .
Biosurfactants and biolubricants
Used oils like waste cooking oils (WCO) are valuable sources of lipids that may undergo chemical transformations to obtain valuable chemicals apart from the widely known biodiesel.
Surfactants are amphiphilic substances that have the ability to reduce surface or interfacial tension and can be used as emulsifiers, dispersants or foaming agents. Biosurfactants are compounds whose chemical structure ranges from a series of molecules, including rhamnolipids, and sophorolipids among others, whose structure is depicted in Fig. 5c . These chemicals are excreted by anaerobic fermentation of microorganisms, mainly strains of Pseudomonas, Candida and Bacilli, and are known to possess lower toxicity and better biodegradability than conventional fossil-based surfactants. For this reason, they have been applied in the field of bioremediation or in the formulation of cosmetics, foods and pharmaceuticals (Mukherjee et al., 2006) .
A biosurfactant mainly containing lactonic sophorolipid was synthesized by Starmerella bombicola. The study used a WCO whose major component was linoleic acid and analysed the effect of stirring and mode of operation (batch or fed-batch) while intensifying the process with ultrasound. The highest yield obtained was of 55.6 g L À1 with ultrasound in fed-batch mode and the surfactant proved to decrease the surface tension of water from 72 to 32.6 mN m À1 (Maddikeri et al., 2015) . Pseudomonas aeruginosa and Burkholderia gladioli can produce rhamnolipids using waste corn and sunflower oil as carbon source. The product from the former strain showed better results by lowering the surface tension of the culture medium from 69 to 28 mN m À1 and forming more stable emulsions (Catter et al., 2016) . Li et al. undertook the production of lipopeptides feeding soya bean oil waste to Bacillus pseudomycoides BS6. The product contained a composition of glutamic acid, methionine and lysine in the peptide chain of 19.36%, 56.32% and 19.61%, respectively, and proved to reduce the surface tension of water down to 30.2 mN m À1 , a similar value to those reported above for rhamno-and sophorolipids (Li et al., 2016) .
For their part, lubricants are essential for tribological science, for they are put to use to reduce overheating and friction in a variety of engines, machinery, turbines and gear. A large amount of lubricants are released into the environment, affecting mainly soils and water. Regarding the latter, it is known that a kilogram of oil-based lubricants can pollute up to a million litres of water. In this sense, biolubricants pose an interesting opportunity due to their superior performance in terms of health and biodegradability considerations, which is leading to more and more severe legislation (McNutt & He, 2016) .
Bio-oils have been used directly as lubricants, although the dichotomy of using non-edible over edible oils has shifted the interest towards the exploitation of discarded materials. For this reason, yet again, the use of WCO represents an interesting opportunity for FW valorization. As waste oils may not comply with performance regulations owing to their high acid value among other causes, chemical and biological treatments are being considered currently.
Li and Wang modified chemically WCO that mainly consisted of linoleic, oleic and linolenic acid. The first step was to conduct the epoxidation of the unsaturated bonds with H 2 O 2 prior to transesterification with branched alcohols. In this way, they obtained products with good corrosion resistance, thermo-oxidative stability, cloud and pour points (À15 and À17°C, respectively) and viscosity index of 157 (Li & Wang, 2015) . WCO oil was also used as feedstock to grow housefly larvae. Subsequently, free fatty acids were extracted and subjected to an esterification reaction to yield 2-ethylhexyl fatty acid esters, which reached a practically total conversion of the reactants. The product was characterized for its physico-chemical features, including pour point (À15°C) and viscosity index (180) . Despite being more uncommon feedstocks, animal fats can also be used as raw material for lubricants. This was the case of a paper reporting on the use of chicken fat isolated from the skin and was then transesterified. Mixtures of the resulting fatty acid esters and chicken skin free fatty acids were modified for viscosity with copolymers ethylene-vinyl acetate (EVA) and styrene-b-butadiene-b-styrene. The blend showing the best viscosity index (217) consisted of 19.2% of biodiesel, 76.8% of fat and 4% of EVA (Hernandez-Cruz et al., 2017) .
Nanoparticles
By definition, nanoparticles (NPs) are mostly inorganic materials with a diameter within the range of 1-100 nm that may show different features owing to their size (or more precisely, surface to volume ratio) than other fine particles of greater size or bulk materials would. Traditionally, methods to synthesize NPs include gas condensation, precipitation, pyrolysis, attrition or, in more recent times, techniques like laser ablation (Kim et al., 2017) .
Nanoparticles have existed for a very long time despite not receiving that name and were used for decorations in pottery in the ancient times of Mesopotamia to mention an example. In more recent times, owing to their surface to volume and morphological properties, they have been put to use in countless fields, including electrochemistry, catalysis, pharmaceutics, fast moving consumer goods industries, food technology, textile industry, energy science, optical devices and agriculture (Ahmed et al., 2017; Sharif et al., 2017) . The scientific interest of NPs has led to a prominent number of reviews covering aspects like their synthesis methods, classification and applications. However, only in the last few years have there been more efforts to study their synthesis by methods involving the utilization of renewable materials, which include plant extract (PE)-based and microbial syntheses. The new methods starting from PEs are regarded as more eco-friendly approaches than other traditional routes and can yield NPs of different sizes and morphologies and, with respect to the use of microorganism, it is much faster as they do not require multistep procedures like isolation, growth optimization, culture preparation and maintenance (Ahmed et al., 2017; Ghosh et al., 2017) .
The latter novel green approach from renewable sources consists of a series of steps: isolation of the PEs by washing the fruits and then peeling them and subjecting the peel to drying, cutting and proper storage; extraction and drying of the PEs using water or polar solvents; preparation of aqueous solutions to put in contact the PEs and a metallic salt, usually for several hours, to conduct the reduction reaction; sometimes, additional heating or even calcination is applied and, finally, filtering and drying of the synthesized NPs is performed.
Plant extracts are known to be rich in polyphenolic compounds, including flavonoids, carotenoids, limonoids or anthocianines, for example. These polyphenolic moieties confer them the ability to act as reducing agents of metal salts, following a reaction like that described by Nava et al. (2017b) for Zn(NO 3 ) 2 (see Fig. 6 ). The aromatic hydroxyl groups act as ligates and interact with the precursor salts, usually nitrites or chlorides forming a complex of the metal, which later decomposes sometimes in the presence of heat as appointed above and, finally, NPs precipitate. Figure 6 Mechanism of the reduction of Zn(NO 3 ) 2 (a precursor salt) to ZnO nanoparticles. Adapted from (Nava et al., 2017b) .
Given the abundance of FW, the obvious cost-effectiveness of using discarded residues and the potential applications in the last years many studies have been published exploiting this type of feedstock as a source of extracts.
Gold nanoparticles (AuNPs) have been synthesized employing the extract of purple mangosteen as reducing agent for AuCl 4 to obtain solids for their application in biomedicine . Also, they can be produced reducing AuCl 3 with extracts from watermelon (Patra & Baek, 2015) or onion (Patra et al., 2016) . These NPs were checked for proteasome inhibitory, antibacterial, anticandidal and antioxidant activities.
Silver nanoparticles (AgNPs) have been synthesized using AgNO 3 as precursor. Their performance for antibacterial activity was tested against Gram-positive and Gram-negative bacteria, showing the best action on Vibrio anguillarum, for which it could have promising applications in aquaculture (Xu et al., 2015) . Also, using banana peels, not only could AgNO 3 be reduced to NPs but also banana/AgNPs composite films could be fabricated using a solvent casting method. The films showed good features as UV light barrier as well as an antimicrobial, for which they could be used in food packaging (Orsuwan et al., 2017) .
Zn(NO 3 ) 2 was reduced to ZnONPs with extracts from different fruits and the solids obtained were tested as catalysts for the photocatalytic degradation of methylene blue under UV light (Nava et al., 2017a) , outperforming commercially available ZnO. NPs from other metals have been developed for similar degradation studies, such as CoONPs for Remazol Brilliant Orange 3R (Bibi et al., 2017) or PbNPs for malachite green (Elango & Roopan, 2015) , the latter of which also showing antimicrobial effects.
Nanoparticles based on iron have also been reported. Bano et al. synthesized what the so-called superparamagnetic FeONPs by reducing FeCl 3 and stabilizing the resulting NPs through coordination with different phytochemicals with the aid of microwaves. The NPs were found to be soluble in water with high hemocompatibility and capable of photokilling of human cervical epithelial malignant carcinoma cells (Bano et al., 2016) .
Conclusion and outlook
The use of FW offers many possibilities for the synthesis of chemicals and intermediates like alcohols, mono-, di-and tricarboxylic acids and furans, as platform chemicals, or products able to replace or supplement fossil-based commodities, including plastics, lubricants and surfactants. Moreover, refuse from fruits can be used for the green synthesis of nanoparticles with biomedical applications, substituting more expensive raw materials.
Industrial implementation of carboxylic acids is quite established in the case of lactic and succinic acids, although technologies for the remaining commodities are still under early development stages. In the case of processes with biotechnological transformations, their complexity makes them very costly owing to the fact that many stages have to be optimized, including the selection of the appropriate strains and their isolation. Although constrained by appropriate characterization, the use of FW as feedstock contributes importantly to the reduction of operating costs, which in the end is a key aspect towards industrial application. For all of this, it is expected that significant research will continue in future years on the production of the chemicals dealt in this overview, based on FW and FW-related biomass, notably contributing to the development of second-generation biorefineries.
